Aim: To investigate the effects of BIIB021, an inhibitor of heat shock protein 90 (Hsp90) alone or in combination with triptolide (TPL) on T-cell acute lymphoblastic leukemia (T-ALL) and the mechanisms of action. Methods: Human T-ALL cells line Molt-4 was examined. The cell viability was measured using MTT assay. Apoptotic cells were studied with Hoechst 33258 staining. Cell apoptosis and cell cycle were analyzed using flow cytometry with Annexin V/PI staining and PI staining, respectively. The levels of multiple proteins, including Akt, p65, CDK4/6, p18, Bcl-2 family proteins, MDM2, and p53, were examined with Western blotting. The level of MDM2 mRNA was determined using RT-PCR. Results: Treatment of Molt-4 cells with BIIB021 (50-800 nmol/L) inhibited the cell growth in a dose-dependent manner (the IC 50 value was 384.6 and 301.8 nmol/L, respectively, at 48 and 72 h). BIIB021 dose-dependently induced G 0 /G 1 phase arrest, followed by apoptosis of Molt-4 cells. Furthermore, BIIB021 increased the expression of p18, decreased the expression of CDK4/6, and activated the caspase pathway in Molt-4 cells. Moreover, BIIB021 (50-400 nmol/L) dose-dependently decreased the phospho-MDM2 and total MDM2 protein levels, but slightly increased the phospho-p53 and total p53 protein levels, whereas TPL (5-40 nmol/L) dosedependently enhanced p53 activation without affecting MDM2 levels. Co-treatment with BIIB021 and TPL showed synergic inhibition on Molt-4 cell growth. The co-treatment disrupted p53-MDM2 balance, thus markedly enhanced p53 activation. In addition, the co-treatment increased the expression of Bak and Bim, followed by increased activation of caspase-9. Conclusion: The combination of BIIB021 and TPL may provide a novel strategy for treating T-ALL by overcoming multiple mechanisms of apoptosis resistance.
Introduction
T-cell acute lymphoblastic leukemia (T-ALL) is a highly aggressive hematological malignancy that accounts for 10%-15% of pediatric and 25% of adult ALL cases [1] . Clinically, this disease is characterized by a large proliferation of T cell lymphoblasts, high white blood cell counts, and extramedullary infiltration of the mediastinum and central nervous system. Although a high remission rate or even cure in over 75% in children and approximately 50% in adults can be achieved by applying intensive chemotherapy, primary drug resistance and relapsed leukemia remain troubling issues for clinicians [2] . Therefore, the exploration of new therapeutic targets and agents, particularly those possessing a higher selectivity for tumor cells and less toxicity to normal tissues, is necessary for improving patient outcomes.
The overexpression of heat shock protein 90 (Hsp90) in ALL cells has been confirmed by several studies and is associated with the active and indefinite proliferation of leukemia cells [3] [4] [5] . Moreover, Hsp90 inhibitors induce apoptosis in Philadelphia chromosome-positive ALL cells with a high sensitivity by increasing the degradation of BCR-ABL fusion proteins [6, 7] , a finding that has also been confirmed in chronic myeloid leukemia [8] . Considering the proliferative maintenance by Hsp90 overexpression in ALL, targeting Hsp90 may provide benefits to relapsed or refractory patients.
BIIB021 is the first fully synthetic Hsp90 inhibitor to enter clinic use for the treatment of solid tumors and hematological malignancies, such as B-cell chronic lymphocytic leukemia, lymphomas, and HER2-advanced breast cancer [9, 10] . By binding to the ATP-binding pocket of Hsp90, BIIB021 induces the degradation of Hsp90 client proteins, including HER-2, Akt, and Raf-1, and results in the inhibition of tumor growth [10] . In addition, BIIB021 was found to inhibit the growth of Hodgkin's lymphoma (HL) cells by depleting NF-κB activity and sensitizing the cells to natural killer cell-mediated cytotoxicity [11] . Furthermore, it has been reported that combination therapy using BIIB021 plus radiotherapy or chemotherapy could benefit cancer treatment [12, 13] . A recent phase II clinical trial [14] shows that BIIB021 improves the outcomes of patients with gastrointestinal stromal tumors refractory to imatinib and sunitinib, thus demonstrating that this agent possesses a broad prospect for further clinical applications. Nonetheless, only a few studies have been conducted using leukemic cells.
Triptolide (TPL, with the molecular formula of C 20 H 24 O 6 ) is the main active ingredient of Tripterygium wilfordii, a traditional Chinese medicine, which was originally used as an immunosuppressor to treat various autoimmune diseases, such as rheumatoid arthritis and systemic lupus erythematosus. Recently, it has been shown that TPL is cytotoxic to cancer cells due to its ability to induce apoptosis, cell cycle arrest, and anti-angiogenesis [15, 16] , and TPL exhibits the ability to target multiple signaling pathways in hematological malignancy. It has been reported that TPL sensitizes acute myeloid leukemia (AML) cells to TRAIL-induced apoptosis via the downregulation of xIAP and a p53-mediated increase in the death receptor DR5 [17] , inhibits NF-κB reporter activity regulated by the TNF-TNFR1-TRADD-TRAF2-NIK-TAK1-IKK pathway [18] , chemosensitizes leukemic cells through the inhibition of miR-21 and increased levels of PTEN [19] , increases intracellular adriamycin accumulation via the downregulation of P-glycoprotein [20] , and triggers the degradation of AML1-ETO fusion protein in t(8;21)-positive AML to suppress JAK/ STAT signaling and NF-κB activity [21] . The antileukemic activity of TPL has also been demonstrated in ALL cells [22] . We previously reported that TPL is an effective therapeutic agent for the treatment of T-ALL and that its cytotoxic effects are related to the suppression of NF-κB activity and miR-16-1* expression [23] . However, the mechanisms of action of TPL in T-cell ALL remain elusive.
In this study, we focused on the therapeutic effects of the Hsp90 inhibitor BIIB021 and TPL alone and in combination on T-ALL in vitro and examined the underlying mechanisms.
Materials and methods

Cell culture and reagents
The human T-cell ALL cell line Molt-4 was purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA), and the L-02 cell line, a normal human liver cell line, was purchased from the Shanghai Cell Collection (Shanghai, China). The cells were cultured in RPMI-1640 medium (Gibco, Grand Island, NY, USA) with 10% fetal bovine serum (Gibco) at 37 °C in a humidified atmosphere of 5% CO 2 . BIIB021 was purchased from Selleck Chemical Company (Houston, TX, USA), and triptolide (purity>99% by HPLC) was purchased from Sigma-Aldrich (St Louis, MO, USA). The caspase inhibitors z-IETD-fmk and LEHD-fmk were purchased from Biovision (Palo Alto, CA, USA).
Growth inhibition assay
MTT assays were performed to evaluate the anti-ALL effects of BIIB021, TPL, and their co-treatment (BIIB021 at 25, 50, 100, and 200 nmol/L combined with TPL at 5, 10, 20, and 40 nmol/L, respectively). In brief, Molt-4 cells were cultured in a 96-well plate at a density of 5×10 4 and treated with or without the drugs. Then, 20 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT; Sigma) solution (5 mg/mL) was added to each well, and the cells were further incubated for 4 h. The supernatant was removed, followed by the addition of 200 μL of dimethyl sulfoxide (Amresco, Solon, OH, USA). The absorbance at a wavelength of 570 nm was detected using an enzyme-linked immunosorbent assay (ELISA) plate reader. Each assay was performed three times in triplicate.
Hoechst DNA staining To detect morphological changes after treatment with BIIB021 (100 nmol/L) and TPL (20 nmol/L) alone and in combination, the cells were fixed with 4% formaldehyde for 30 min, followed by 1 μg/mL Hoechst33258 (Sigma) staining at 37 °C for 15 min. After washing with PBS, the slides were viewed by fluorescence microscopy using an excitation wavelength of 350 nm and an emission wavelength of 460 nm.
Annexin V and propidium iodide (PI) staining
Cells were cultured at a density of 5×10 4 in a 6-well plate and treated for 24 h with BIIB021 (50-800 nmol/L). The cells then were trypsinized and washed once with PBS. Aliquots of the cells were resuspended in 100 µL of binding buffer and stained with 5 μL of Annexin V-FITC and 1 μL of PI working solution (100 μg/mL; Biouniquer, Suzhou, China) for 15 min in the dark. The cells were examined by flow cytometry, and the data acquisition and analyses were performed using a FACSCalibur flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA) with CELLQuest software (Becton-Dickinson).
Cell cycle analysis
Molt-4 cells cultured with BIIB021 at the indicated doses were harvested, fixed with 70% ethanol, and pretreated with 250 µg/mL RNase A. The cells were then stained with PI (50 µg/mL; Sigma), and the cell cycle profile was determined by FACS.
Western blot analysis
Cells treated with PBS, BIIB021, TPL, or combinations were harvested at 24 h after treatment and subjected to a Western blot analysis, as described previously [23] . All the antibodies
Acta Pharmacologica Sinica npg used in this study were purchased from Cell Signaling (Beverly, MA, USA), except for the human anti-β-actin (Sigma) antibody.
Real-time RT-PCR
Total RNA was obtained from Molt-4 cells treated with or without BIIB021 (400 nmol/L) for the indicated times using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and firststrand synthesis was performed using the SuperScript TM firststand system (Invitrogen) according to the manufacturer's instructions. The PCR assays were performed using the iQ5 thermal cycling system (Bio-Rad Laboratories, Hercules, CA, USA) with SYBR Green (TAKARA, Shimogyo-ku, Japan). The following specific primers were used to amplify MDM2 (5'-CATTGAACCTTGTGTGATTTGTC-3'/5'-GCAGGGCT-TATTCCTTTTCTTTA-3') and GAPDH (5'-ATGGGGAAGGT-GAAGGTCG-3'/5'-GGGTCATTGATGGCAACAATATC-3'). The PCR reaction consisted of denaturation at 95 °C for 1 min, followed by 40 cycles of 5 s at 95 °C and 30 s at 60 °C.
Statistical analysis
The experimental results are statistically presented as the mean±SD. The data were analyzed by a one-way analysis of variance (ANOVA), and a statistically significant difference was determined at P<0.05. The combination index (CIN) was analyzed using CalcuSyn software (Biosoft, Cambridge, UK), where CIN<0 indicated synergy; CIN=0 indicated an additive effect; and CIN>0 indicated antagonism.
Results
BIIB021 inhibits the proliferation of Molt-4 cells
To determine the effects of BIIB021 on the growth of Molt-4 cells, we treated the cells with BIIB021 at different concentrations and assessed cell proliferation using an MTT assay. As shown in Figure 1A , BIIB021 effectively inhibited Molt-4 cell growth in a dose-and time-dependent manner. The 50% inhibitory concentration (IC 50 ) values of BIIB021 were 384.6 nmol/L at 48 h and 301.8 nmol/L at 72 h. We next assessed changes in the cell cycle that occurred after treatment of Molt-4 cells with BIIB021 for 24 h at 100 and 200 nmol/L. As shown in Figure 1B , the percentage of cells undergoing DNA replication in S phase was 47.3% in the control cells and 21.13% and 9.65%, respectively, in the treated cells, with concomitant increases in the percentage of the G 0 /G 1 population from 47.3% to 73.41 and 86.3%, respectively. These results show that BIIB021 inhibits Molt-4 cell proliferation by causing the accumulation of cells with a G 1 DNA content.
BIIB021 induces Molt-4 apoptosis
We next performed dual staining of the cells with Annexin V and PI, followed by an analysis using flow cytometry to determine whether BIIB021 exposure could induce apoptosis. The results of Annexin V staining showed that externalized PS, a characteristic of early apoptosis, was increased in the BIIB021-treated Molt-4 cells in a dose-dependent fashion (Figure 1C) . Furthermore, a Western blot analysis showed that BIIB021 triggered a dose-dependent cleavage of caspase-8, -9, -3, and poly ADP ribose polymerase (PARP) ( Figure 1D ). The BIIB021-induced apoptosis was partially inhibited by z-IETDfmk (a caspase-8 inhibitor); conversely, LEHD-fmk (a caspase-9 inhibitor) did not significantly block BIIB021-induced apoptosis in the Molt-4 cells (Figure 1E ), suggesting that caspase activation is involved in the induction of apoptosis after BIIB021 treatment.
Effects of BIIB021 on CDK4/6, Akt, p65, p53, and MDM2 expression By inhibiting Hsp90, an Hsp90 inhibitor can cause the degradation of oncogenic client proteins, including CDK4 and Akt [24] , and these effects may account for the induction of G 1 phase arrest. In addition, p18 has been shown to act as a tumor suppressor and selectively inhibit CDK4/6 [25] . To evaluate these effects in the present study, immunoblot assays of Molt-4 cell extracts were performed to assess CDK4/6, cyclinD1, and p18 expression (Figure 2A ). BIIB021 significantly inhibited CDK4/6 expression, whereas cyclinD1, a main component of cyclin D1/CDK complexes, was resistant to BIIB021, with no decrease in expression even at the highest dose (400 nmol/L). Significantly upregulated expression of p18, a CDK inhibitor, was observed in the BIIB021-treated Molt-4 compared to the untreated cells.
It has been reported that Akt signaling is upregulated in T-ALL via the transcriptional repression of PTEN [26] . Our data showed that BIIB021 could inhibit Akt protein expression and phosphorylation. Additionally, BIIB021 had a modest effect on p65 expression, a transcription factor of the NF-κB family ( Figure 2B ), consistent with a previous report that BIIB021 inhibits constitutive NF-κB activity in Hodgkin's lymphoma cells [11] . Interestingly, dose-dependent decreases in the total MDM2 and phospho-MDM2 protein levels in the BIIB021-treated cells were observed by Western blotting. Furthermore, a slight upregulation of the total p53 protein and phosphop53 levels occurred concomitantly (Figire 2B). To investigate whether BIIB021 inhibits MDM2 at the transcriptional level, we treated Molt-4 cells with the agents at 400 nmol/L; quantitative RT-PCR revealed that the mRNA level of MDM2 was significantly inhibited in a time-dependent manner ( Figure  2C ).
The combination of BIIB021 and TPL selectively enhances antileukemia efficacy in T-ALL As previous studies have reported p53 upregulation by TPL in cancers [27, 28] and we observed the inhibition of MDM2 by BIIB021 in our experiments, we examined whether the sensitivity of Molt-4 cells to TPL could be enhanced by BIIB021. Molt-4 cells were treated for 24 h with various concentrations of TPL and BIIB021 either alone or in combination, and cell viability was determined by an MTT assay. As illustrated in Figure 3A , significant synergy was achieved by the combination treatment of TPL and BIIB021. We next evaluated morphological changes of the T-ALL cells after TPL and BIIB021 treatment alone or in combination using Hoechst33258 stain- Figure 3B ), all of which are hallmarks of apoptosis. Apoptosis was also quantified using a PI staining assay and Figure 3C , the combination treatment elicited 42% of Molt-4 cells to undergo apoptosis, whereas treatment with TPL and BIIB021 alone resulted in 20.2% and 8.7% apoptotic cells, respectively. To determine whether treatment with TPL and BIIB021 affects the caspase cascade, we analyzed the leukemic cells for these molecular markers. Molt-4 cells treated with TPL or BIIB021 alone showed a weak cleavage of caspase-9, -8, -3, and PARP, which are indicators of caspase cascade activation. In contrast, an enhanced expression of cleaved caspase-9, -8, -3, and PARP was observed in the cells treated with the combination therapy ( Figure 3D ). Altogether, these findings demonstrate that the synergistic effect of TPL and BIIB021 occurs via apoptosis.
To assess the cytotoxic effects of TPL, BIIB021, or their combination on normal cells, we treated L-02 cells, a human liver cell line, with TPL (40 nmol/L), BIIB021 (200 nmol/L), or both for 48 h and assessed cell viability by an MTT assay. TPL or BIIB021 alone exhibited slight cytotoxic effects on the L-02 cells; furthermore, cytotoxicity in the normal cells was not significantly increased by the combination of TPL and BIIB021 ( Figure 3E ).
Mechanisms of enhanced apoptosis induced by BIIB021 and TPL co-treatment
To investigate the potential molecular mechanisms of the sensitization of T-ALL cells to TPL by BIIB021, we examined alterations in the expression of MDM2 and p53 in Molt-4 cells after treatment with TPL and BIIB021 alone or in combination. TPL upregulated the levels of total p53 and phospho-p53 in a dose-dependent manner but did not affect the expression of MDM2 ( Figure 4A) . Importantly, the co-exposure of Molt-4 cells to TPL and BIIB021 resulted in increases in p53 protein and phospho-p53 expression ( Figure 4B ). We also examined Bcl-2 family members, including the pro-apoptotic proteins Bid, Bak, Bim, Bax, and Bad and anti-apoptotic proteins BclxL, Bcl-2, and Mcl-1 ( Figure 4B ). Although there were no detectable modulations of Bcl-xL, Bax, and Bad, TPL inhibited Mcl-1 expression and induced the expression of Bak and Bim, whereas BIIB021 upregulated Bak and Bim and downregulated Bcl-2. In addition, the expression of Bid was downregulated by TPL, suggesting the cleavage of Bid. Furthermore, the combination therapy of TPL and BIIB021 resulted in a synergistic upregulation of Bak and Bim.
Discussion
The extrinsic and intrinsic apoptotic pathways are regulated by multiple proteins, such as those involved in the p53, NF-κB, and PI3K/Akt signaling pathways. Unlike the situation in solid tumors, mutation of the TP53 gene is infrequent in ALL, at less than 3% [29] . Additionally, there is a low percentage of TP53 mutation in T-ALL patients at diagnosis [30, 31] , which increases upon relapse [32] [33] [34] . However, a recent study suggests that the TP53 pathway is inactivated by epigenetic mechanisms in the majority of ALL patients [35] . In addition, MDM2, a negative cellular regulator of p53, is frequently overexpressed in ALL [36] , and it has been recently well demonstrated inhibition results in the elevation of p53 protein levels, followed by p53-mediated apoptosis [37, 38] . Thus, the disruption of the p53-MDM2 interaction represents a promising targeted approach to treat T-ALL with wild-type p53. In this study, we found that BIIB021 significantly inhibited the levels of total MDM2 and phospho-MDM2 in wild-type p53 Molt-4 cells in a dose-dependent manner. Additionally, we demonstrated the downregulation of MDM2 mRNA expression in Molt-4 cells after treatment with BIIB021. Considering that TPL activates p53 without influencing MDM2 levels, we hypothesized that BIIB021 may sensitize T-ALL cells to TPL-mediated apoptosis. We discovered that BIIB021 significantly synergized the antileukemic effect of TPL, with the concomitant upregulation of p53. The IC 50 values of BIIB021 in various solid tumors were reported to be 60-310 nmol/L [10] . However, our data showed that Molt-4 cells were less sensitive to BIIB021 than solid tumor cells, with IC 50 values of 384.6 and 301.8 nmol/L at 48 h and 72 h, respectively. Interestingly, up to 42% of the leukemic cells were apoptotic cells after treatment with BIIB021 (100 nmol/L) plus TPL (20 nmol/L), whereas the cells treated with BIIB021 or TPL alone at the same doses showed only 8.7% and 20.2% apoptosis, respectively, suggesting significantly enhanced cell death due to the combination of low-dose BIIB021 with TPL.
It is well known that Hsp90 inhibitors induce the degradation of Akt, an Hsp90 client protein, and that the activation of Akt suppresses caspase-9. We observed decreases in the Akt levels and cleavage of Bid by BIIB021, followed by the activation of caspase-9. BIIB021 also activated caspase-8 in Molt-4 cells, consistent with the findings of a previous study [39] . Additionally, TPL has been shown to induce the loss of mitochondrial membrane potential and cytochrome c release, whereas caspase-9 knockout cells are resistant to TPL [16] . We showed that TPL inhibited Mcl-1 expression and induced the expression of Bak and Bim, though BIIB021 upregulated Bak and Bim and downregulated Bcl-2. These pro-apoptotic and anti-apoptotic proteins play key roles in the mitochondriadependent pathway of apoptosis. Consistent with these findings, the combination therapy of BIIB021 and TPL elicited a synergistic effect in the modulation of Bak and Bim, followed by a strong activation of caspase-9 and cleavage of caspase-3 and PARP. Therefore, the two main pathways of procaspase activation (the intrinsic mitochondrial pathway and extrinsic death receptor pathway) are involved in the combination treatment-induced apoptosis.
In summary, we found that BIIB021 induces cytotoxicity in the T-ALL cell line Molt-4 in vitro via mechanisms that are related to cell cycle arrest and the induction of apoptosis. In addition, BIIB021 significantly inhibited the levels of phospho-MDM2 and total MDM2 and sensitized the Molt-4 cells to TPL-induced cell death through the disruption of the p53-MDM2 interaction and the activation of p53. This combined effect is also regulated by multiple pathways, including those involving Akt and Bcl-2 family proteins ( Figure 5 ). These factors serve as potential targets for future T-ALL therapy. 
